In the absence of oxygen and nitrate, Pseudomonas aeruginosa metabolizes arginine via the arginine deiminase pathwayt, which allows slow growth on rich media. The conversion of arginine to ornithine, C02, and NH3 is coupled to the production of ATP from ADP. The enzymes of the arginine deiminase pathway are organized in the arcDABC operon. The arcD gene encodes a hydrophobic polytopic membrane protein.
In the absence of oxygen and nitrate, Pseudomonas aeruginosa metabolizes arginine via the arginine deiminase pathwayt, which allows slow growth on rich media. The conversion of arginine to ornithine, C02, and NH3 is coupled to the production of ATP from ADP. The enzymes of the arginine deiminase pathway are organized in the arcDABC operon. The arcD gene encodes a hydrophobic polytopic membrane protein.
Translocation of arginine and ornithine in membrane vesicles derived from an Escherichia coli strain harboring a recombinant plasmid carrying the arcD gene was studied. Arginine and ornithine uptake was coupled to the proton motive force with a bias toward the transmembrane electrical potential. Accumulated ornithine was readily exchangeable for external arginine or lysine. The exchange was several orders of magnitude faster than proton motive force-driven transport. The ArcD protein was reconstituted in proteoliposomes after detergent solubilization of membrane vesicles. These proteoliposomes mediate a stoichiometric exchange between arginine and ornithine. It is concluded that the ArcD protein is a transport system that catalyzes an electroneutral exchange between arginine and ornithine to allow high-efficiency energy conversion in the arginine deiminase pathway.
To survive anaerobiosis in the absence of nitrate as a terminal electron acceptor, Pseudomonas aeruginosa uses arginine as an energy source for viability, motility, and slow growth on rich media (31, 34) . Arginine is metabolized in the arginine deiminase pathway (for a review, see reference 6). This pathway includes three cytoplasmic enzymes: (i) arginine deiminase, which catalyzes the conversion of arginine into citrulline and amnmonia (in an essentially irreversible reaction); (ii) catabolic ornithine carbamoyl transferase, which catalyzes the reaction of citrullinen with Pi to yield ornithine and carbamoyl phosphate; and (iii) carbamate kinase, which converts carbamoyl phosphate and ADP to ATP, CO2. and ammonia. These enzymes are encoded by the arcA, arcB, and arcC genes, respectively (34) . The arcABC genes have been cloned and sequenced (2, 3) and are organized in an operon (24, 30) . The arc operon is under control of a positive regulatory protein, ANR, an FNR-like protein of P. aenrginosa (16, 18, 37) , which is thought to activate transcription of the arc genes during oxygen limitation (26) . The proximal part of the arc operon harbors the arcD gene (23) . This arcD gene encodes a highly hydrophobic protein with a predicted molecular mass of 52 kDa. Hydropathy profile analysis (23) and topological studies (4) indicate that the ArcD protein is a cytoplasmic membrane protein that may traverse the membrane 13 times. Growth and complementation studies suggest that ArcD functions as a transport protein (26, 34) . During anaerobic growth, arginine is stoichiometrically converted into ornithine (34) , which is released into the growth medium. By analogy with the transport system of lactic acid bacteria (12) tococcus lactis catalyzes an electroneutral one-to-one exchange between arginine and ornithine and requires no additional metabolic energy (12, 29) .
In this paper we present an in vitro analysis of the activity of the arcD gene product of P. aeruginosa cloned in Escherichia coli. The presence of multiple transport systems for basic amino acids in Pseudomonas spp. (15) (23, 24) . The fragment contains arcD, arcA, and part of arcB (Fig. 1) and was inserted into a pBluescript KS(+) expression vector to yield the arcDA + recombinant plasmid pME3719. E. coli JC182-5 (5) was used as a host because this strain is deficient in arginine transport. Membrane vesicles were prepared from E. coli JC182-5 harboring pME3719 (ArcD vesicles) or pBluescript KS(+) (control vesicles). Membrane vesicles were tested for their ability to accumulate lysine, arginine, and ornithine. In the absence of an energy source, none of these amino acids (except for arginine) was accumulated beyond the equilibrium level (Fig. 2) . Uptake of arginine and ornithine was observed when ArcD membrane vesicles were energized by the electron donors glucose and PQQ in the presence of oxygen (Fig. 2) . Hardly any uptake of these amino acids was detectable with control membrane vesicles. Lysine uptake did not require the ArcD protein, since it was accumulated by both membrane vesicle preparations (Fig. 2 ). These results demonstrate that the ArcD protein translocates arginine and ornithine across the cytoplasmic membrane.
Because both ArcD and ArcA proteins were expressed, we anticipated the possibility that arginine deiminase remaining in the membrane vesicles converts arginine to citrulline, thereby interfering with the uptake of arginine. Such metabolism may result in arginine uptake in the absence of an energy source (Fig. 2) . Membrane vesicles derived from cells bearing pME3719 contained substantial arginine deiminase activity; 14C-labeled arginine accumulated by the membrane vesicles was immediately degraded to citrulline (data not shown). For unknown reasons, deletion of the arcA gene had an adverse effect on the expression of the arcD gene (data not shown). Therefore, Ap-driven uptake of ornithine was further studied because this amino acid is not metabolized.
The relation between Ap and ornithine transport by ArcD vesicles was studied by using the ionophores nigericin high concentration of K+. The reduction of the A4i is partially compensated by an increase in the magnitude of the ApH. Ornithine uptake was almost completely blocked by valinomycin at pH 7.0 (Fig. 3) . The addition of nigericin resulted in a small increase of the ornithine uptake, whereas uptake was abolished when both ionophores were present. Similar results were obtained at pH 6.0 and 7.5 (data not shown). These results support the conclusion that the A4i acts as the driving force for omithine transport.
To determine the substrate specificity of the ArcD protein, the effect of various L-amino acids on the uptake of '4C-labeled ornithine and lysine was studied. Uptake of [14CJlysine does not depend on the ArcD protein; both ArcD and control membrane vesicles displayed a high level of lysine uptake (Fig. 2) (Fig. 4) the presence of E. coli phospholipids and the osmolyte glycerol. The extracted proteins were reconstituted into proteoliposomes by detergent dilution. Proteoliposomes were loaded with ornithine and rapidly diluted into a buffer containing ['4C]arginine. Arginine was rapidly accumulated by the proteoliposomes (Fig. 5) . There was no detectable uptake when proteoliposomes that were not loaded with ornithine were used. Rapid uptake of [1"C]arginine was also observed when proteoliposomes were loaded with lysine instead of ornithine, whereas citrulline-loaded proteoliposomes were inactive (data not shown). Proteoliposomes prepared from control membrane vesicles were inactive for arginine uptake (Fig. 5) . These results further demonstrate that the ArcD protein mediates exchange between arginine and ornithine.
To determine the stoichiometry of arginine-ornithine exchange, proteoliposomes were loaded with 500 ,uM [3H]ornithine and diluted into a medium containing 20 ,IM
[14C]arginine. Rapid uptake of arginine was accompanied by efflux of ornithine (Fig. 6) . In a parallel experiment, [3H]ornithine-loaded proteoliposomes were diluted into argininefree buffer to assess the slow arginine-independent rate of ornithine efflux. Ornithine-independent uptake of arginine was measured by diluting unloaded proteoliposomes into a buffer containing [14C]arginine. At each time point, the exchange stoichiometry was calculated from the argininestimulated ornithine release and ornithine-dependent arginine uptake (Fig. 6 ). This value was found to be close to 1 (Fig. 6, inset) .
The kinetic constants of arginine-ornithine exchange were estimated from the initial rates of arginine uptake measured for 5 s at different arginine concentrations. Arginine-orni- Vm. for omithine uptake were 60 ,uM and 132 nmol * min mg of protein-, respectively.
DISCUSSION
In this paper we demonstrated that the ArcD protein of P. aeruginosa catalyzes Ap-driven uptake of arginine and ornithine and exchange between arginine and ornithine. This system differs from the previously characterized binding protein-dependent transport systems, which allow the uptake of lysine, arginine, and ornithine under aerobic growth conditions (15) . ArcD is an essential protein for anaerobic growth of P. aeruginosa on arginine (23, 34) . In the arginine deiminase pathway, the system functions as an antiporter that catalyzes a one-to-one exchange between arginine and ornithine.
Arginine and ornithine are positively charged in the neutral pH range. The stoichiometric exchange between arginine and ornithine is therefore electroneutral. Electroneutral exchange has also been demonstrated for the arginineornithine antiporter of L. lactis and the agmatine-putrescine antiporter of Enterococcus faecalis (12, 13) . The ArcD protein resembles the arginine-ornithine antiporter of L. lactis (1, 12) in many respects but differs in its ability to mediate a slow but significant rate of Ap-driven uptake of arginine and ornithine. In growing cells, the exchange between arginine and ornithine is driven by the concentration gradients of both amino acids, which are maintained by the metabolism. Compared with a Ap-dependent reaction, exchange is energetically more favorable to the cell, because it does not require the input of additional metabolic energy. By this efficient design, the transport system makes a significant contribution to the overall energy production during anaerobic arginine metabolism.
In recent years, a number of bacterial exchange systems that mediate the inward movement of substrate directly coupled to the outward movement of a product have been described (28) . These systems either operate by a strictly coupled antiport reaction or mediate an exchange reaction that also permits net uptake of substrates. Studies with membrane vesicles show that the exchange mediated by the ArcD protein is at least 1,000-fold faster than the rate of Ap-driven uptake (130 and 0.08 nmol min mg of protein, respectively [36] ). For accurate comparison, it will be necessary to perform kinetic experiments on Ap-driven translocation as a function of the Ap. Exchange reactions are favored when both the intra-and extracellular substrate levels are saturating (11) . A high intracellular omithine concentration will force a rapid reoccupation of the binding site when arginine is released on the inner surface of the membrane. Since strictly coupled antiport will not lead to ornithine accumulation, another mechanism is required to maintain a high intracellular concentration of ornithine. In P. aeruginosa, Ap-driven uptake may serve as a route to acquire arginine for biosynthetic purposes. The Ap-driven reaction may be necessary to accumulate intracellular ornithine to maximizes the rate of exchange during arginine catabolism. In L. lactis, ornithine can be replaced by lysine, which is accumulated via a separate Ap-dependent transport system (13).
Our results suggest that A* functions as a main driving force for the net ArcD-mediated uptake of ornithine. If Aiq functioned as the sole driving force, a more pronounced effect of nigericin on the rate of ornithine uptake would be expected, because this ionophore causes an increase in Ai* (36) . Transport is biased toward the Ai\, although the possibility of a role for protons cannot definitely be excluded.
We observed that extensive overexpression of the arcD gene product was lethal to E. coli cells. Stable expression of arcD was only possible when the gene was transcribed in tandem with the arcA gene, which codes for arginine deiminase. The reason for this observation is unclear. The domain coding for ArcD is the most unstable part of the mRNA and is rapidly processed (17) . Although overexpressed arginine deiminase interfered with arginine uptake experiments in membrane vesicles, problems could be circumvented by the use of proteoliposomes or by the study of ornithine uptake.
The results suggest that, during anaerobic arginine catabolism by P. aeruginosa, ArcD serves as an arginine-ornithine exchanger. Uptake of arginine results from the energyindependent electroneutral exchange with intracellular ornithine. This process is driven by arginine metabolism and should allow optimal energy conversion when P. aeruginosa cells are exposed to conditions of limited energy supply.
